Foodborne illness-causing enteric bacteria are able to colonize plant surfaces without causing infection. We lack an understanding of how epiphytic persistence of enteric bacteria occurs on plants, possibly as an adaptive transit strategy to maximize chances of reentering herbivorous hosts. We used tomato (Solanum lycopersicum) cultivars that have exhibited differential susceptibilities to Salmonella enterica colonization to investigate the influence of plant surface compounds and exudates on enteric bacterial populations. Tomato fruit, shoot, and root exudates collected at different developmental stages supported growth of S. enterica to various degrees in a cultivar-and plant organ-dependent manner. S. enterica growth in fruit exudates of various cultivars correlated with epiphytic growth data (R 2 ‫؍‬ 0.504; P ‫؍‬ 0.006), providing evidence that plant surface compounds drive bacterial colonization success. Chemical profiling of tomato surface compounds with gas chromatography-time of flight mass spectrometry (GC-TOF-MS) provided valuable information about the metabolic environment on fruit, shoot, and root surfaces. Hierarchical cluster analysis of the data revealed quantitative differences in phytocompounds among cultivars and changes over a developmental course and by plant organ (P < 0.002). Sugars, sugar alcohols, and organic acids were associated with increased S. enterica growth, while fatty acids, including palmitic and oleic acids, were negatively correlated. We demonstrate that the plant surface metabolite landscape has a significant impact on S. enterica growth and colonization efficiency. This environmental metabolomics approach provides an avenue to understand interactions between human pathogens and plants that could lead to strategies to identify or breed crop cultivars for microbiologically safer produce.
IMPORTANCE
In recent years, fresh produce has emerged as a leading food vehicle for enteric pathogens. Salmonella-contaminated tomatoes represent a recurrent human pathogen-plant commodity pair. We demonstrate that Salmonella can utilize tomato surface compounds and exudates for growth. Surface metabolite profiling revealed that the types and amounts of compounds released to the plant surface differ by cultivar, plant developmental stage, and plant organ. Differences in exudate profiles explain some of the variability in Salmonella colonization susceptibility seen among tomato cultivars. Certain medium-and long-chain fatty acids were associated with restricted Salmonella growth, while sugars, sugar alcohols, and organic acids correlated with larger Salmonella populations. These findings uncover the possibility of selecting crop varieties based on characteristics that impair foodborne pathogen growth for enhanced safety of fresh produce. E dible plants can harbor enteric bacteria, serving as vehicles for foodborne pathogens. Salmonella enterica can colonize various plant species and plant organs (1, 2) , allowing it to cause disease outbreaks (3) (4) (5) (6) leading to severe economic losses to the produce industry. This hitchhiking capability is a possible evolutionary adaptation to ensure fecal-oral transmission and successful reentry into herbivorous hosts (7) . S. enterica growth on tomato (Solanum lycopersicum) appears to be influenced by plant factors, as indicated by the differential growth of this pathogen on various tomato cultivars in a plant organ-specific manner (8) . Although clearly influenced by plant genotype, the underlying regulation is not known. Commanding a better understanding of plant susceptibilities to enteric pathogen colonization would enable farmers to make better-informed decisions on the best cultivars to select based on risks identified for their farm or location.
S. enterica is not capable of infecting plants, but its ability to associate with crops implies that it can metabolize nutrients found on the plant surface. The availability of nutrients on plants is a major determinant of successful bacterial epiphytic colonization (9) . Inorganic ions, sugars, amino acids, and organic acids are thought to leach from plant surfaces by passive diffusion (10) , providing a source of nutrients sufficient to support bacterial growth (11) (12) (13) . In addition, many plants actively exude an enormous range of secondary metabolites, including fatty acids, phenolics, flavonoids, terpenoids, and acyl sugars, through specialized structures known as glandular trichomes (14, 15) . Exudation via roots alters the chemical and physical properties of soil in their immediate vicinity to form the rhizosphere, influencing microbial recruitment (16) (17) (18) . Plant-driven bacterial selection has also been noted in the tomato phyllosphere (19) , and plant organspecific microbiomes have been described (20) , although they have not yet been linked to plant surface compounds. Soluble carbohydrates and phenolics from homogenized leaf material of a variety of lettuce accessions have been associated with shifts in lettuce phyllosphere bacterial community fingerprints (21) , and metabolic pathways are turned on to enable utilization of tomato apoplastic nutrients in Pseudomonas syringae pv. tomato (22) . Overall, evidence points to a heterogeneous phyllosphere (23) supporting a complex microbiome (20) with significant plantdriven regulation, partly mediated by plant metabolites and exudates. Specifically for S. enterica, population sizes on lettuce leaf surfaces have been correlated with the availability of nitrogen in leaf exudates (24) , and S. enterica movement toward sugar compounds in lettuce root exudates is driven by chemotaxis (25) . In the tomato phyllosphere, S. enterica preferentially colonized type 1 trichomes (26), one of four classes of glandular trichomes found in the genus Solanum (27) where exudates are expected to be synthesized, released, and concentrated. Levels of S. enterica on cilantro and lettuce leaves also increased when coinoculated with Dickeya dadantii, a phytopathogen that can release nutrients from plant cells (28) . In this study, we aimed to investigate the role of exudates and surface compounds in the interaction between the enteric human pathogen S. enterica and tomato. We hypothesized that tomato cultivar-dependent epiphytic colonization by S. enterica (8) could be explained by variation in the surface metabolite landscape among cultivars and plant organs. Tomato root, shoot, and fruit surface compounds and exudates of various cultivars were evaluated for their potential to support the growth of S. enterica and chemically characterized to evaluate the role of diffused and exuded phytochemicals in epiphytic Salmonella growth on tomato.
MATERIALS AND METHODS
Tomato cultivars, growth conditions, and exudate collection. The 13 tomato (Solanum lycopersicum) cultivars used in this study (Table 1) were grown for the collection of exudates from shoots, roots, and fruit. Surfacesterilized seeds were germinated on Murashige-Skoog (MS) medium (MP Biomedicals LLC, Solon, OH) supplemented with 2% sucrose and 1.2% agar medium and grown as described previously (8) . The cultivars were also started in potting mix soil (Sunshine LC1; Sungro Horticulture, Canada) at the Research Greenhouse Complex, University of Maryland, and grown under controlled light and temperature conditions (16-h-light-8-h-dark photoperiod at a 26°C day temperature and an 18°C night temperature). For the collection of fruit exudates, plants were greenhouse grown to fruit maturity, avoiding pesticide application. Leaf and root exudates were collected from 3-week-old seedlings (2-true-leaf stage), plants at 6 weeks postgermination (at first flower emergence), and red ripe fruit. Since cultivars may vary in metabolite leaching and exudation rates, exudate collection was standardized by plant age, collection time, and fruit surface area (SA) so as not to obliterate any cultivar differences, one factor which may affect differential bacterial growth. For exudate collection, seedlings were aseptically pulled off MS medium when two true leaves had fully emerged and placed into a 6-well sterile tissue culture dish with shoots and roots in separate wells filled with 5 ml of phosphate-buffered saline (PBS). Dishes were shaken for 24 h at room temperature at 100 rpm on an orbital shaker to collect water-soluble exudates. For collection of exudates from flowering plants, plants grown in soil were uprooted, roots were washed with tap water and rinsed thoroughly with deionized water to remove soil particles, and shoots and roots were then separately put into sterile Whirl-Pak bags (Nasco, Fort Atkinson, WI) containing 200 ml of sterile PBS and shaken for 3 h. Ripe fruit from each cultivar was aseptically harvested and placed into an open petri dish containing 30 ml of sterile deionized water inside a biosafety cabinet with the blower turned on (Labconco, Kansas City, MO) for 3 h. The number of fruit in each petri dish depended on the fruit SA submerged in solution, to approximate SA contact among cultivars. Exudate solutions were filter sterilized by using 0.2-m syringe filters (VWR, Radnor, PA) and stored at Ϫ20°C until they were used for a bacterial growth assay.
Evaluation of S. enterica growth in tomato plant exudates. Salmonella enterica serovar Typhimurium LT2 (ATCC 700720) was used in this study. The S. enterica strain was maintained at Ϫ80°C in brucella broth (BD, Sparks, MD) containing 15% glycerol and plated onto Trypticase soy agar (TSA; BD) plates incubated at 35°C overnight, prior to experiments. Cultures of S. enterica grown overnight on TSA at 35°C were suspended in sterile PBS at an optical density at 600 nm (OD 600 ) of 0.5 and diluted to 10 6 CFU/ml. Twenty microliters of the cell suspension was added to 2 ml of each shoot, root, or fruit exudate solution in a sterile culture tube at an initial concentration of 10 4 CFU/ml, or sterile PBS, and incubated at 35°C at 200 rpm in a shaking incubator. Multiplication of S. enterica cells was monitored at 0, 2, 4, 6, and 24 h following S. enterica inoculation. At each time point, serial dilutions were prepared from the cultures and directly plated onto TSA for CFU enumeration. Measurements at a time point prior to S. enterica inoculation were included to ensure the sterility of the exudate solutions. Negative controls were carried out along with the experiments by inoculating 2 ml of sterile PBS with 20 l of 10 6 CFU/ml S. enterica cell suspension.
Gas chromatography-time of flight mass spectrometry (GC-TOF-MS) analysis of exudates. Frozen exudate samples were shipped to the Genome Center Core Services at the University of California, Davis, for gas chromatography mass spectrometry (GC-MS) analysis. Briefly, all samples were spiked with a mixture of fatty acid methyl esters of C-8, C-9, C-10, C-12, C-14, C-16, C-18, C-20, C-22, C-24, C-26, C-28, and C-30 linear chain lengths, which served as an internal retention index (29, 30 ). An Agilent 6890 gas chromatograph (Agilent, Santa Clara, CA) containing a 30-m-long, 0.25-mm-internal-diameter (i.d.) rtx5Sil-MS column with an additional 10-m integrated guard column was used to run the samples. The Agilent 6890 instrument was controlled by using Leco ChromaTOF software version 2.32 (Leco, St. Joseph, MI). The resulting text files were exported to a data server with absolute spectral intensities and further processed by a filtering algorithm implemented in the BinBase metabolomics database (31) . Metabolites were unambiguously assigned by BinBase identifier numbers using the retention index and mass spectrum as the two most important identification criteria. Additional confidence criteria were used by giving mass spectral metadata, using the combination of unique ions, apex ions, peak purity, and signal-to-noise ratios. All database entries in BinBase were matched against the Fiehn mass spectral library (http://fiehnlab.ucdavis.edu/Metabolite-Library-2007).
Metabolites lacking full structural identification ("unidentified") were unambiguously described by BinBase numbers, full mass spectra, quantifier ions, and retention indices. Data normalization was performed as described previously (30), using total metabolite content. The data were given as peak heights for the quantification ion at the specific retention index. Statistical analysis. Each treatment (i.e., tomato cultivar) was tested in replicate, experiments were repeated, and data were pooled for statistical analysis. Enumeration data in CFU per milliliter were log transformed to satisfy assumptions on the normality of residuals and homogeneity of variances. Differences in log CFU per milliliter detected between treatments were tested for significance by using one-way analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) test. Pearson or Spearman correlation analysis was performed when measuring statistical dependence between two parametric or nonparametric variables with a small sample size, respectively. For relationships between a dependent variable and one or more independent variables, regression analysis was performed. Statistical analyses were carried out by using JMP Pro 11 (SAS Institute Inc., Cary, NC). Bacterial growth data were fit to a growth model using IPMP 2013, a predictive microbiology tool (available at http://www.ars.usda.gov/Main/docs.htm?docidϭ23355) (32), using the three-phase linear model (33) . This model can be described by lag phase as N t ϭ N 0 , if t Յ t lag ; by exponential growth phase as N t ϭ N 0 ϩ k(t Ϫ t lag ), if t lag Ͻ t Ͻ t max ; and by stationary phase as N t ϭ N max , if t Ն t max , where N t is log of the population density at time t (log CFU per milliliter), N 0 is the log of the initial population density (log CFU per milliliter), N max is the log of the maximum population density supported by the environment (log CFU per milliliter), t is the elapsed time (hours), t lag is the time when the lag phase ends (hours), t max is the time when the maximum population density is reached (hours), and k is the specific growth rate (log CFU per milliliter per hour). Growth kinetic parameters (N 0 , lag, k, and N max ) generated by the IPMP 2013 program were compared for significance by using 95% confidence intervals (CIs) associated with the parameters. The model parameter N max , the log of the maximum population density for each sample, was used for correlation analysis.
Hierarchical cluster analysis (HCA) was performed as previously described (16) to depict the relationship among samples. HCA is a classification method that groups samples into discrete clusters based on similarity. Briefly, reported data for both the identified and unidentified metabolites were log transformed to down-weigh highly abundant compounds and outliers and imported into PRIMER 6 (Plymouth Routines in Multivariate Ecological Research version 6.1.15; PRIMER-E Ltd., Plymouth, United Kingdom). Similarity matrices for the metabolite profiles were generated by using the Bray-Curtis coefficient and used for HCA with the group-average linkage agglomerative method. Dendrograms were constructed from the ranked similarities. For significance testing of sample data, the nonparametric permutation procedure ANOSIM (analysis of similarity) was employed. This test applies ranks to similarity matrices and combines this ranking similarity with Monte Carlo randomization to generate significance levels (P values). ANOSIM tests the null hypothesis that the test statistic R will have a value of 0 when all samples are the same. As R approaches 1, the null hypothesis is rejected, describing a case where replicates from one group are more similar to each other than to replicates from the other group.
RESULTS
S. enterica growth in fruit surface metabolites and correlation with S. enterica epiphytic growth. Fruit exudates collected from different cultivars were inoculated with S. enterica at a level of 4.3 to 5.1 log CFU/ml. Increases in bacterial populations were observed on all fruit exudates examined in this study and exhibited a cultivar-dependent pattern (Table 2 and Fig. 1A and B) . At 6 h postinoculation (hpi), following inoculation at a concentration of 4.6 log CFU/ml, increases in population levels of 0.6 to 1.7 log CFU were observed. Fruit exudates of tomato cv. 'Heinz-1706' and 'Plum Dandy VF' were significantly less supportive of bacterial growth than those of tomato cv. 'Florida 91 VFF', 'LA4013', 'Micro-Tom', and 'Rutgers VFA' (P Ͻ 0.05) (Fig. 1A) . At 24 hpi, populations in fruit exudates of tomato cv. 'Plum Dandy VF' (P ϭ 0.036) and 'Heinz-1706' (P ϭ 0.057) remained smaller than those in exudates of tomato cv. 'Rutgers VFA' (Fig. 1B) . Overall, population levels at the 24-h measurement were 1.5 to 2.4 log CFU higher than the initial inoculum level.
The data for bacterial growth in fruit exudates at 0, 2, 4, 6, and 24 hpi were fit to Buchanan's three-phase linear model using IPMP 2013 (32) (Fig. 2) . The growth phase-specific parameters describing the curves showed statistically significant differences in k (specific growth rate), lag, and N max (log of the maximum population density) among the different cultivars (Table 2) . Tomato cv. 'Plum Dandy VF', 'Heinz-1706', and 'Movione', the three cultivars supporting the lowest N max (in that order), had the longest lag phase (Fig. 2) . The opposite (shortest lag phase) tended to also hold true but was not always statistically supported, e.g., tomato cv. 'Rutgers Select', 'Virginia Sweets', 'Moneymaker' (P Ͻ 0.05), and 'Rutgers VFA'. The growth rate, k, could also affect N max . S. enterica grown in tomato cv. 'Micro-Tom' fruit exudates exhibited the highest growth rate (P Ͻ 0.05) and reached a higher N max . In contrast, lower growth rates did not necessarily lead to an attenuated N max , e.g., tomato cv. 'Mobox'. Pairwise correlation of N 0 , k, lag, and N max revealed a negative association only between lag and N max (P ϭ 0.002), indicating that a longer lag phase will likely lead to a lower maximum population density.
We previously showed that S. enterica epiphytic growth on fruit was cultivar dependent (8) . The growth of S. enterica in fruit exudates was correlated with fruit epiphytic growth data from our previous study, in which growth on fruit was most prominent in tomato cv. 'LA4013', 'Rutgers VFA', and 'Florida 91 VFF' and least prominent on tomato cv. 'Mobox', 'Heinz-1706', and 'Rutgers Select'. A positive correlation (R 2 ϭ 0.504; P ϭ 0.006) was detected (Fig. 3) . Differential growth of S. enterica on fruit of different cultivars appears to be, at least in part, explained by variation in fruit exudates among these cultivars.
S. enterica growth in shoot and root surface compounds. Seedling shoot and root exudates of various tomato cultivars were able to support S. enterica growth, but the patterns differed from those for fruit. Exudates inoculated with ϳ4.6 log CFU/ml S. enterica showed an increase of 3.8 to 5.3 log CFU after 24 hpi ( . For shoot exudates, at 6 hpi, S. enterica levels had increased to ϳ7.4 log CFU/ml, but no significant differences among cultivars were detectable (Fig. 1C) . On the other hand, at 24 hpi, the population levels of S. enterica in the shoot exudates of tomato cv. 'Plum Dandy VF' were significantly higher than those in exudates of 8 other cultivars (P Ͻ 0.05) (Fig. 1D) , and N max values for exudates of tomato cv. 'Plum Dandy VF', 'Rutgers Select', and 'Rutgers VFA'; were significantly higher than those for all other cultivars (Table 2 ; see also Fig. S1a in the supplemental material) . The former also exhibited the shortest lag phase (Table 2) . It is worth noting that the fruit exudates collected from the fruit of tomato cv. 'Plum Dandy VF' were the least supportive of growth of S. enterica (Fig. 1B) .
Root exudates from seedlings of tomato cv. 'Moneymaker' and 'Virginia Sweets' were less supportive of bacterial growth at 6 hpi than those of tomato cv. 'Florida 91 VFF' and 'Rutgers VFA' (Fig.  1E) . Growth in root exudates at 24 hpi, however, displayed no significant cultivar-dependent differences (Fig. 1F ), but the model parameters identified significant differences in the growth rate (tomato cv. 'Florida 91 VFF'; P Ͻ 0.05) and N max (tomato cv. 'Money Maker', 'Plum Dandy VF', and others; P Ͻ 0.05) (see Table S1 in the supplemental material). In order to test whether the cultivar-dependent epiphytic growth of S. enterica observed on leaves of tomato seedlings could be associated with shoot exudates, population levels measured at 24 hpi in shoot exudates of 3-week-old tomato seedlings were plotted against the epiphytic population levels on leaves of seedlings at the same developmental stage (4). A weak relationship was observed (R 2 ϭ 0.50; P ϭ 0.07). Maximum populations attained in exudates of flowering plants (Fig. 1G to J) were smaller than those in seedlings (Fig. 1C  to F) . Tomato cv. 'Plum Dandy VF' shoot exudates were the least supportive of S. enterica growth (increase of 2.2 log CFU/ml) ( Fig.  1G and H) . Combined with data retrieved from tomato cv. 'Plum Dandy VF' fruit exudates (Fig. 1B) , this observation suggests that at later plant developmental stages, tomato cv. 'Plum Dandy VF' provides a less favorable metabolic environment for S. enterica than do other cultivars. The model supported this observation (see Fig. S2 and Tables S2 and S3 in the supplemental material). The shoot exudates that were most supportive of bacterial growth were from tomato cv. 'California Red Cherry' and 'Virginia Sweets' at 6 and 24 hpi, respectively. Model parameters point to interesting dynamics for these and other cultivars: low growth rates but high N max values (e.g., tomato cv. 'Virginia Sweets') may suggest the presence of certain inhibitory compounds, while a high growth rate but a low N max (e.g., tomato cv. 'California Red Cherry') implies faster nutrient depletion (see Table S2 in the supplemental material). In root exudates of flowering plants, the largest populations of S. enterica were recovered from tomato cv. 'Florida 91 VFF', 'Heinz-1706', 'LA4013', and 'Plum Dandy VF' at 6 hpi (Fig. 1I) . Only populations growing in the exudates from tomato cv. 'Florida 91 VFF' and 'Heinz-1706' remained significantly larger following 24 h of incubation (Fig. 1J) .
Tomato surface metabolite and exudate profiling. Surface a N 0 is the log of the initial population density (log CFU per milliliter), N max is the log of the maximum population density supported by the environment (log CFU per milliliter), lag is the time when the lag phase ends (hours), and k is the specific growth rate (log CFU per milliliter per hour). Measurements labeled with different superscript letters are significantly different within the same column and with the same exudate type at a P value of Ͻ0.05 by Tukey's HSD test.
metabolites and exudates from four cultivars at different developmental stages and from different plant organs were analyzed by gas chromatography-time of flight mass spectrometry (GC-TOF-MS) (multiple biological replicates were pooled for chemical analysis). Primary and secondary metabolites present in shoot, root, and fruit exudates of tomato cv. 'Heinz-1706', 'Nyagous', 'Plum Dandy VF', and 'Rutgers VFA' were analyzed since they differed in their ability to support S. enterica populations. GC-TOF-MS analysis resulted in a total of 287 compounds detected in tomato exudates, 145 of which were identified. The resulting metabolite profile data, including unidentified metabolites, were subjected to hierarchical cluster analysis (HCA), revealing profile divergence shoot (G and H) and root (I and J) exudates. Population densities were measured at 6 hpi (left) and 24 hpi (right). The arrows on the y axes represent the initial cell density at 0 h. Error bars indicate standard errors of the means, bars labeled with the same letter are not significantly different within the same time point measurement by Tukey's HSD test (P Ͻ 0.05), and ‡ in panels C through J denotes that the test was not carried out for these tomato cultivars. (Fig. 4) . Within these dendrogram branches, root and shoot exudates formed separate subclusters, unlike fruit. Fruit exudate profiles exhibited the most similarity to those of flowering plant exudates, with tomato cv. 'Heinz-1706' and 'Plum Dandy VF' converging with shoots. Differences among exudate profiles by age and plant organ were strongly statistically supported, with highly significant R values for all comparisons, except for flowering plants and fruit exudates, albeit they were still significant (Fig. 4) .
The 145 identified compounds were broadly categorized into seven groups, including 26 amino acids, 11 nucleobases and nucleosides, 38 organic acids, 33 sugars and sugar alcohols, 9 fatty acids, and 8 phenolics (see Table S4 in the supplemental material), with 20 other metabolites being assigned to an uncategorized group. By classifying known compounds into metabolite groups, age-and organ-dependent differences could be further examined. Seedling exudate profiles were significantly different from those of both flowering plants and fruit for all metabolite groups (P Ͻ 0.05) ( Fig. 5 ; see also Fig. S3 in the supplemental material) . However, fruit and flowering plants did not significantly differ with regard to the compositions of amino acids (Fig. 5B ) and fatty acids (Fig. 5E ). Unidentified compounds were also analyzed, again revealing less divergence in compound profiles of flowering plant and fruit exudates (see Fig. S3 in the supplemental material) .
Shifts in tomato exudate profiles with plant development and influence on S. enterica growth. Assessing the proportions of metabolite groups within a given exudate sample revealed quan- titative shifts in exudation as the plant developed, in an organspecific manner (Fig. 4) . Amino acids were in proportion more predominant in seedling exudates than in flowering plant and fruit exudates. On the other hand, sugars and sugar alcohols comprised 29 to 60% of flowering plant and fruit exudates, compared to 4 to 24% in seedling exudates. The relative amounts of fatty acids increased with plant age (averaging 8.8% in fruit, 8.4% in shoots, and 7.6% in roots of flowering plants, versus 0.7% in seedling shoots and 1.7% in seedling roots). Phenolics, another important group of plant secondary metabolites, comprised 0.08%, 0.38%, 0.20%, 0.24%, and 0.69% of the total identified metabolites in the exudates from tomato fruit, flowering plant shoots, flowering plant roots, seedling shoots, and seedling roots, respectively.
To analyze potential effects of the tomato exudate profile on the growth of S. enterica, relative peak heights for each group of identified compounds were plotted against the S. enterica 24-h growth data in Fig. 1B, H , and J. Bacterial multiplication in exudates was positively correlated with the quantity of sugars and sugar alcohols (R 2 ϭ 0.48; P ϭ 0.014) and several organic acids ( Table 3 ), suggesting that these metabolites promote bacterial growth. A negative relationship was observed for fatty acids (R 2 ϭ 0.26; P ϭ 0.094) and the uncategorized metabolites (R 2 ϭ 0.40; P ϭ 0.028), possibly comprising a variety of secondary metabolites, indicating a potential suppressive growth effect of these phytocompounds. Specific compounds displaying a positive or negative relationship with bacterial growth at a P value of Ͻ0.1 are listed in Table 3 . Several organic acids were correlated with posi-
FIG 4
Proportions of primary and secondary (fatty acids and phenolics) metabolites in exudates of seedlings (3 weeks postgermination), flowering plants (6 weeks postgermination), and fruit. Hierarchical cluster analysis results generated from ranked similarities of metabolite data obtained by GC-TOF-MS are shown in a dendrogram; similarity was determined by using the Bray-Curtis similarity coefficient. The ANOSIM statistic R and the associated P value are given for pairwise comparisons between different plant organs and developmental stages. R will have a value of 0 when all samples within different groups are the same and approaches 1 when replicates within one group are more similar to each other than to replicates from another group. , and fatty acids (E), generated from ranked similarities of metabolite data obtained by GC-TOF-MS. Similarity was determined by using the Bray-Curtis similarity coefficient; ANOSIM results are attached to each dendrogram and indicate the test statistic R and the associated P value for pairwise comparisons between different plant organs and developmental stages. R will have a value of 0 when all samples within different groups are the same and approaches 1 when replicates within one group are more similar to each other than to replicates from another group. tive bacterial growth. Among compounds associated with negative growth, the saturated fatty acids palmitic acid, stearic acid, and margaric acid were the most prominent. The unsaturated fatty acid oleic acid also exhibited a negative relationship, as did the sugar compounds inulotriose, melezitose, and sophorose.
Exudate composition differences among cultivars. The association between S. enterica growth and specific tomato surface compounds and exudates spurred us to assess whether differential susceptibilities to S. enterica colonization among cultivars could be explained by differences in exudate composition. The fruit exudates from tomato cv. 'Rutgers VFA' and 'Nyagous' were better media for bacterial growth than were those from tomato cv.
'Heinz-1706' and 'Plum Dandy VF'. The suite of compounds present in exudates would act in concert to determine bacterial growth rates; however, individual phytochemicals might explain some of these growth trends. The latter two cultivars had the lowest levels of glucose, fructose, and glycerol and the largest amounts of phenolics and fatty acids, in particular stearic and palmitic acids (Fig.  6) . Tomato cv. 'Heinz-1706' also had the highest levels of lauric, myristic, and pelargonic acids. Although similar associations were not as marked for shoot and root data, some patterns could be extracted. S. enterica growth was restricted in tomato cv. 'Plum Dandy VF' shoot and root exudates compared to the other cultivars. Shoot and root exudates from this cultivar also contained the lowest levels of glycerol and the highest levels of fatty acids, especially stearic acid and, to a lesser degree, palmitic acid. Tomato cv. 'Heinz-1706' flowering plant shoot exudates, on the other hand, supported more Salmonella growth and also contained more glycerol and smaller amounts of fatty acids.
DISCUSSION
One of the main applications of phyllosphere biology is to enhance plant protection for improved food crop security and safety. Plant surface-mediated selection of associating bacteria is amenable to manipulation. Understanding these mechanisms, therefore, could be beneficial for controlling host-pathogen pairs of economic or public health significance. We conducted an in-depth investigation of plant surface metabolites and exudates to assess the role that surface phytocompounds play in determining the fate of S. enterica on tomato. Striking differences between the metabolites found on seedlings and those found on later-stage plant organs were identified, providing the basis for bacterial community succession in the phyllosphere and highlighting the limitations of using plant seedlings as models for mature plants. Tomato surface metabolites and exudates alone were capable of supporting S. enterica growth, and bacterial growth kinetics in tomato exudates differed by cultivar (plant genotype effects). Quantitative and qualitative analysis of tomato exudates presented in this study provides a mechanism for the previously documented differential susceptibility to pathogen colonization among tomato cultivars (8, 26) , whereby S. enterica growth responded to exudate changes as the plant developed and by plant organ. Differential epiphytic S. enterica colonization of fruit (8) correlated with growth in fruit exudates (this study), suggesting that exudate composition may in part determine cultivar susceptibility to S. enterica. In fruit, this was further supported by the inverse relationship between lag phase duration and bacterial population size. One difference that we observed was that growth in exudates was more prolific than that on fruit. This was expected, as factors such as the metabolic cost of plant surface attachment and differences in water potential divert resources away from cell replication. Characterization of the chemical composition of primary and secondary metabolites in tomato surface compounds pointed to potential causes for the differential growth of S. enterica observed in the exudates of various tomato cultivars while allowing us insights into metabolic strategies of enteric bacterial epiphytes on plants. Sugars and organic acids were associated with larger S. enterica populations, while specific fatty acids were correlated with impaired colonization. These observations will allow us to design future experiments that will continue to elucidate how S. enterica utilizes or interacts with specific metabolites found on plant surfaces. Positive correlations with sugars and sugar alcohols suggest that these compounds serve as readily metabolizable sources of energy for microbial growth. Sugars, which are thought to simply leach from leaves, were measured at 1.55 g/g of tomato leaf (9) . Simple sugars such as glucose, fructose, and sucrose were dominant carbon sources on the plants that we examined. These sugars were the predominant compounds depleted on Arabidopsis thaliana leaf surfaces colonized by Sphingomonas melonis and Pseudomonas syringae pv. tomato (13) . In this study, sugar and sugar alcohol quantities in exudates increased with plant age, probably reflecting the higher photosynthesizing capacity of plants as they develop. On the other hand, seedling exudates, which in proportion had the largest amounts of amino acids, not sugars, supported the highest levels of bacterial growth, suggesting that amino acid availability may be more of a limiting factor for epiphytic bacterial growth on seedlings. Amino acid transport has been shown to be active when S. enterica associates with alfalfa seedling roots, although individual amino acids were found to be nonessential (34) . Root exudates from seedlings also contained the highest proportion of organic acids. Rhizosphere organic acids increase bacterial species richness (35) and act as chemoattractants. Pseudomonas fluorescens WCS365, a highly competitive root tip colonizer, showed flagellum-driven chemotaxis toward malic acid and citric acid from tomato root exudates (36) . S. enterica therefore may capitalize on the intensified organic acid root exudation early in plant development. This is particularly relevant since S. enterica establishment in the rhizosphere and endophytic colonization of tomato roots have been shown to most likely occur early during plant development, when seedlings are being transplanted in the field (37) .
The release of plant secondary metabolites increases at later plant developmental stages (38) . Chaparro et al. (39) reported a decrease in the quantities of sugars and sugar alcohols in Arabidopsis root exudates with a concomitant increase in the quantities of phenolics and amino acids. Secondary metabolites play important roles in disease resistance (40) (41) (42) , suggesting that this programmed transition is necessary to adopt a more defensive strategy against various plant pathogens and abiotic stresses. In this study, absolute amounts were not measured; however, sugars and secondary metabolites, particularly fatty acids, were exuded in much higher proportions in flowering plants and in fruit, while amino acids were proportionately most abundant in seedlings. Moreover, as plants aged, the relative quantities of fatty acids negatively coincided with S. enterica levels supported by exudates, with the unsaturated fatty acid oleic acid and the saturated fatty acids palmitic acid, stearic acid, and margaric acid being found to be mainly responsible for this negative correlation. An inhibitory effect of fatty acids on bacteria has been documented for certain foodborne pathogens (43, 44) as well as for oral cavity bacteria (45) and rumen bacteria (46) . Fatty acids synthesized in tomato may restrict or impair S. enterica multiplication on fruit. Cultivars that exude higher levels of one or more of these potentially inhibitory compounds could provide an inherently less favorable niche for S. enterica establishment, as in the tomato cv. 'Heinz-1706' and 'Plum Dandy VF' investigated here. S. enterica populations in fruit exudates of tomato cv. 'Plum Dandy VF' also exhibited the longest lag phase, possibly due to the inhibitory effect of certain phytocompounds. The presence of easily metabolizable sugars might not offer sufficient attenuation of this inhibition, while the reverse could also explain why seedling exudates supported more growth and displayed no cultivar-specific root effects, with the highest concentrations of sugars and amino acids being exuded at a stage when secondary metabolite synthesis is reduced. The relationship between exudate chemical composition and bacterial growth is highly complex and results from the interactive effects of phytochemical proportions, bioavailability, microbe-microbe competition, as well as possible plant interaction or defense responses being mounted at a given time, all in an ecological context. This study represents an important step in decoding these complex biochemical interactions for Salmonella and tomato. The fruit findings are the most significant from the consumer point of view, since only fruit is edible. However, shoot or root exudate analyses are relevant at all plant developmental stages, since preharvest contamination can occur throughout the plant life cycle. Exudates on leaves or roots can allow prolonged persistence of the enteric pathogen on the plant, augmenting the risk of fruit contamination (47) .
Only a few studies have evaluated plant genotype effects on the colonization of tomato with S. enterica (26, 48, 49) . Here we provide unique and valuable data on the metabolic environment of the tomato phyllosphere and demonstrate that the surface metabolite landscape has a significant impact on S. enterica lag phase duration, growth rate, and colonization efficiency. This work presents a novel approach to investigate human pathogen-plant interactions. Future work could focus on describing changes in the environmental metabolite profiles of plants following enteric pathogen colonization and further investigating inhibitory compounds with a specific focus on fatty acids and phenolics. Understanding the processes by which various plant cultivars and plant organs are able to exert an effect that is sufficient to impact bacterial population outcomes has promising implications for agriculture. These findings raise the possibility of manipulating the plant genotype to augment secondary metabolites that contribute to enteric pathogen growth restriction for enhanced food safety and overall plant health. Ultimately, the metabolite composition on a plant surface is genetically regulated by plants such that this trait could be one important criterion for cultivar selection for enhanced microbiological safety of fresh produce or for a targeted breeding program.
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